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The interlayer magnetoresistance of the quasi-two-dimensional metal α-(BEDT-TTF)2KHg(SCN)4
is considered. In the temperature range from 0.5 to 10 K and for fields up to 10 tesla the magne-
toresistance has a stronger temperature dependence than the zero-field resistance. Consequently
Kohler’s rule is not obeyed for any range of temperatures or fields. This means that the magne-
toresistance cannot be described in terms of semiclassical transport on a single Fermi surface with
a single scattering time. Possible explanations for the violations of Kohler’s rule are considered,
both within the framework of semi-classical transport theory and involving incoherent interlayer
transport. The issues considered are similar to those raised by the magnetotransport of the cuprate
superconductors.
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Currently a great deal of attention is being paid to the
large magnetoresistance of layered materials such as mag-
netic multilayers1 and manganese perovskites.2 This is
motivated by potential applications in magnetic record-
ing and by the challenge of understanding the physical
origin of the magnetoresistance, which is very different
from that in conventional metals.3 The magnetotrans-
port of the metallic phase of the cuprate superconductors
also differs significantly from conventional metals.4,5,6 In
this Rapid Communication we show that the magnetore-
sistance of a particular organic metal may also be uncon-
ventional.
Layered organic molecular crystals based on the
bis-(ethylenedithia-
tetrathiafulvalene) (BEDT-TTF) molecule are model
low-dimensional electronic systems.7,8 The family α-
(BEDT-TTF)2MHg(SCN)4[M=K,Rb,Tl] have a rich
phase diagram depending on temperature, pressure, uni-
axial stress, and magnetic field: metallic, superconduct-
ing, and density-wave phases are possible.9,10,11 Band
structure calculations predict co-existing quasi-one-
dimensional (open) and quasi-two-dimensional (closed)
Fermi surfaces.12 At ambient pressure these materials un-
dergo a transition at a temperature TDW (8 K in the M
= K salt) into a low-temperature metallic phase that has
been argued to be a density-wave (DW). This phase is
destroyed in high magnetic fields. There is currently con-
troversy as to whether this phase is a spin-density wave,
a charge-density wave, or a mixture of both.9,13,14,15,16
The following picture of the low-temperature phase
has been proposed.17,18 The nesting of the quasi-one-
dimensional Fermi surface leads to a density-wave in-
stability at TDW . Below TDW a gap opens on the
quasi-one-dimensional Fermi surface and the associated
carriers no longer contribute to the transport proper-
ties. The density wave introduces a new periodic po-
tential into the system resulting in reconstruction of the
quasi-two-dimensional Fermi surface. One of the pro-
posed Fermi surface reconstructions involves large open
sheets.17 Semi-classical transport theory can then explain
the large magnetoresistance and its angular dependence
in the low-temperature phase.18 The complete field de-
pendence of the resistance can also be explained if mag-
netic breakdown is taken into account.19 However, in this
paper we show that the temperature dependence of the
magnetoresistance is inconsistent with the above picture.
In particular, the magnetoresistance is shown to violate
Kohler’s rule,20 raising issues similar to those considered
for the cuprate superconductors.4,5,6
The temperature and field dependence of the magne-
toresistance of many metals can be analysed in terms of
Kohler’s rule.3 Semiclassical transport theory based on
the Boltzmann equation predicts Kohler’s rule to hold if
there is a single species of charge carrier and the scatter-
ing time τ is the same at all points on the Fermi surface.
The dependence of the resistance on the field is then con-
tained in the quantity ωcτ where ωc is the frequency at
which the magnetic field B causes the charge carriers to
sweep across the Fermi surface. Since the resistance in
zero field is proportional to the scattering rate, the field
dependence of the magnetoresistance of samples with dif-
ferent scattering times (either due to different purity or
temperature T ) can be related by rescaling the field by
the zero-field resistance R(0, T ):
1
R(B, T )
R(0, T )
= F (ωcτ) = f
(
B
R(0, T )
)
(1)
This is Kohler’s rule and the corresponding plots are
known as Kohler plots. It holds regardless of the topol-
ogy and geometry of the Fermi surface.
Resistance measurements were performed on a single
crystal of α-(BEDT-TTF)2KHg(SCN)4 using a standard
four-wire AC technique with a 10 microamp current along
the b axis (the least conducting axis). Sample con-
tacts were made on the faces of the a-c planes with 12.5
micrometer gold wire attached via carbon paint. The
magnetic field was applied parallel to the b axis. Mea-
surements were performed in a 3He cryostat using a 33
tesla Bitter magnet at the National High Magnetic Field
Laboratory in Tallahassee. Fig. 1 shows the field de-
pendence of the interlayer resistance at several different
temperatures. The magnetic field is parallel to the cur-
rent and perpendicular to the layers. The data is con-
sistent with previously published data on this class of
materials.16,19,21,22,23
Given that the current direction and magnetic field
are parallel one expects no Lorentz force on the elec-
trons. This raises the question of the origin of such a
large longitudinal magnetoresistance. Semi-classical the-
ories explain this by assuming that the interlayer hopping
also involves a substantial simultaneous hopping parallel
to the layers.18 Hill has shown how such hopping, and
the associated warping of the Fermi surface in the in-
terlayer direction, can be used to explain cyclotron res-
onance experiments.24 The microscopic justification for
assuming this type of interlayer hopping is not clear.
The strong angular dependence of the interlayer
magnetoresistance10,17,22,25 implies that it is predomi-
nantly orbital in origin. When the field is parallel to
the layers or at certain magic angles the magnetoresis-
tance is several times smaller than when the field is per-
pendicular to the layers. If the magnetoresistance was
predominantly due to the field coupling to the spins it
should be almost isotropic.
Fig. 2 shows a Kohler plot of the data in Fig. 1 as well
as data at additional temperatures. It covers fields up
to about 10 tesla. If Kohler’s rule held all of the curves
would collapse onto a single curve. They do not because
the magnetoresistance varies strongly with temperature
but the zero-field resistance is only weakly temperature
dependent (Fig. 1). Note that there is no field range
over which Kohler’s rule holds. This rules out explaining
the deviation in terms of quantum effects or magnetic
breakdown.
We now consider five possible explanations for the vi-
olation of Kohler’s rule, within the framework of semi-
classical transport theory. (i) The electronic structure
varies with temperature due to formation of the density
wave. This can explain the temperature dependence be-
tween 4 K and 10 K. However, in density wave systems
the electronic energy gap varies very little at tempera-
tures less than half the transition temperature.26 In this
system, below 4 K, there is little change in the zero-
field resistance (see Fig. 1), Hall resistance,23 Knight
shift, and nuclear magnetic relaxation rate, 1/(T1T ).
27
This suggests that the electronic structure and density
of states does not vary significantly below 4 K and so
cannot explain the large temperature dependence of the
magnetoresistance.28
(ii) There is more than one type of carrier and their
mobilities have different temperature dependences. The
existence of more than one type of carriers in the low-
temperature phase is suggested by the observation of
more than one magneto-oscillation frequency29 and more
than one cyclotron resonance frequency.30 To illustrate
how this can lead to violations of Kohler’s rule we con-
sider the case of two carriers.31 Let n1 and n2 denote the
densities and µ1 and µ2 denote the mobilities of the car-
riers. The zero-field resistance is ρ0 = (n1µ1 + n2µ2)
−1.
At low fields the transverse32 magnetoresistance is3
∆ρxx
ρ0
=
n1n2µ1µ2(µ1 − µ2)
2B2
(n1µ1 + n2µ2)2
(2)
Hence, if µ1 and µ2 have a different temperature depen-
dence so will the resistance and magnetoresistance. To
see this clearly consider the particular case where n1 ∼ n2
and µ1 ≫ µ2 then ρ0 ≃ (n1µ1)
−1 and ∆ρxx
ρ0
≃ n2µ1µ2
n1
B2.
Hence, if µ2 has a much stronger temperature dependence
than µ1 then the desired behavior is obtained.
33 However,
in this limit the Hall resistance is RH ≃ µ2/(n1µ1) and
so should be strongly temperature dependent. However,
this is inconsistent with observations (albeit on a differ-
ent sample).23,34
(iii) The temperature dependence of the scattering
rate varies significantly at different points on the Fermi
surface.35 Similar ideas about “hot spots” have been pro-
posed to explain the magnetotransport in the cuprates36
and quasi-one-dimensional organic metals37,38. A dif-
ferent temperature dependence for the resistance and
magnetoresistance arises because the former is related
to the inverse of the average of the scattering time over
the Fermi surface and the latter (at high fields) is re-
lated to the average of the scattering rate over the Fermi
surface.38 Alternatively, the magnetoresistance can be
shown to be the variance of the Hall angle over the Fermi
surface.4 The non-uniform scattering rate also leads to a
temperature dependence of the Hall resistance RH since
it is given by39
RH =
1
ne
〈τ2〉
〈τ〉2
(3)
where 〈...〉 denotes an average over the Fermi surface.
However, again this explanation requires the Hall resis-
tance to vary significantly below 4 K, whereas it does
not.23,34
(iv) The scattering times associated with the mag-
netoresistance and the zero-field resistance are distinct
and have different temperature dependences. This
2
hypothesis6 has been proposed to explain the unusual
temperature dependence of the magnetotransport (in-
cluding the violation of Kohler’s rule) in the metallic
phase of the cuprate superconductors.4,5 Distinct scat-
tering times are associated with the decay of electric
and Hall currents and denoted τ0 and τH , respectively.
The zero-field conductivity σxx(0) ∼ τ0, the magneto-
conductivity σxx(B) − σxx(0) ∼ B
2τ0τ
2
H ,
32 and the Hall
conductivity σxy ∼ Bτ0τH . Consequently, this expla-
nation also requires the Hall resistance of α-(BEDT-
TTF)2KHg(SCN)4 to vary significantly below 4 K. Mea-
surements suggest that it does not.23,34
(v) The scattering time τ is field dependent in a way
that τ(B, T )/τ(0, T ) is temperature dependent. Several
calculations have considered the electron-electron scat-
tering rate in the quasi-one-dimensional Bechgaard salts
(TMTSF)2X and suggested that it is field dependent.
40
Alternatively, if the scattering is due to local magnetic
moments, possibly associated with a spin-density wave,
then that will vary with field.2 Although these expla-
nations for the violation of Kohler’s rule are possible it
should be stressed that if they are correct then the ori-
gin of the magnetoresistance in these materials is quite
different from what has been proposed.17,18
The possible failure of semi-classical transport theory
to describe the interlayer magnetoresistance raises the
question: is the interlayer transport incoherent, i.e., does
the concept of Bloch states (on which the Boltzmann
equation depends) have meaning?
For this class of materials Yoshioka41 has proposed
an explanation for the magnetoresistance and its angu-
lar dependence that does not involve coherent interlayer
transport. Yoshioka’s model assumes that there is a pe-
riodic potential due to a density wave in each layer. A
magnetic field then produces a periodic potential whose
period along the b axis, i.e, perpendicular to the lay-
ers, is incommensurate with the interlayer spacing. If
the magnitude of this potential is larger than the inter-
layer hopping rate than all the states along the b axis
will be localized.42 The strength of the incommensurate
potential increases with field and makes the states more
localized. Hence, the interlayer resistance increases with
increasing field. The incommensurability of the potential
varies as the field is tilted. At certain angles the poten-
tial will become commensurate, the states will no longer
be localised and the magnetoresistance will vanish. The
model correctly predicts these angles.41 Although all the
states are localized the conductivity should be non-zero
at finite temperature due to variable range hopping. As
the temperature is lowered variable range hopping be-
comes harder and resistance goes up.43 Hence, in this
model the temperature dependence of the magnetoresis-
tance is unrelated to that of the zero-field resistance and
Kohler’s rule would not be expected to hold. However,
this model would predict that, contrary to what is ob-
served, the magnetoresistance does not saturate as the
temperature is lowered.44
The issue of incoherent interlayer transport has re-
cently
been considered for the cuprate superconductors45,46 and
for the layered organic crystal (TMTSF)2PF6, which un-
der pressure is a quasi-one-dimensional metal. Its mag-
netoresistance strongly violates Kohler’s rule and only
depends on the component of magnetic field perpendic-
ular to the layers.47 Although there are some similar-
ities there are also differences to the material studied
here. For example, in (TMTSF)2PF6, the angular de-
pendence of the magnetoresistance has a minimum when
the field is perpendicular to the layers whereas for α-
(BEDT-TTF)2KHg(SCN)4 it is a maximum.
10 Although
it would be interesting to apply the ideas in Ref. 46 to
the data presented here it is not clear how to do so.
In conclusion, the temperature dependence of the in-
terlayer magnetoresistance of the quasi-two-dimensional
metal α-(BEDT-TTF)2KHg(SCN)4 cannot be explained
in terms of existing theoretical models including, (i) semi-
classical transport on a single Fermi surface with a single
scattering time18 and (ii) Yoshioka’s model41 involving
incoherent interlayer transport . We suggest several di-
rections for future work. Experimentally, Kohler’s rule
should be tested outside the low-temperature phase and
in other metals based on the BEDT-TTF molecule. Hall
resistance and magnetoresistance measurements should
be done on the same sample to completely rule out the
“hot spot” and two scattering time hypotheses for these
systems. Theoretically, we need calculations of the mag-
netoresistance for models45,46 involving incoherent inter-
layer transport.
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FIG. 1. Magnetic field dependence of the interlayer re-
sistance of α-(BEDT-TTF)2KHg(SCN)4 at several tempera-
tures. The magnetic field and the current direction were per-
pendicular to the layers, i.e., parallel to the least-conducting
direction.
FIG. 2. Kohler plot of the magnetoresistance. The tem-
peratures of the curves shown are (from top to bottom) 0.5,
1.5, 3.0, 3.5, 4.2, 5.0, 6.0, 7.0, 8.0, and 10.0 K. If Kohler’s rule
held then all the curves would lie on top of on one another.
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